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Military decisions hinge on an ability to forecast the developing v
situation. A sufficient understanding of the enemy's response behavior !
sets the stage for causing the desired response. Clearly, prediction :
and control are essential aspects of the decision process. And yet, =
classical techniques treat only a limited portion of such real world |
situations. Least mean squared error reduction is rarely the appropriate
criterion. The “plant" or transducer is neither linear nor passive.

|
l

:
l FOREWORD 3
I
l

The usual approach is to extend the classical techniques through
quasi-linear approximations and higher ordered differential functions.
But, such progress leads to ever more complex formulations that are r
increasingly unsuitable to primitive computation, and furthermore
requires an in-depth understanding of the physical process which is
not always available.

What is needed is an alternate formulation... a new beginning
based on a different view of the 1ogical process required for prediction,
control, and other aspects of intelligence. Evolutionary programming
constitutes such an approach... and simple high speed parallel processing
will be notably suitable for such fast time simulation of the evolutionary .
process. The task at hand is to devise such programming in support of S
military prediction control and decision processes while, at the same
time, to extend our intellectual capability.
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INTRODUCTION :

l

l

l The first Quarterly Progress Report described experiments in the
prediction of diverse time series against various payoff functions through
the use of Evolutionary Programming. It is now worthwhile to resolve some

' uncertainty concerning the structure of this program and to dimensionalize

I

l

l

I

-
S

the use of this predictive capability. Given an arbitrary prediction .
problem, how can one determine the manner in which it should be treated i
through Evolutionary Programming? N
Some additional experiments were performed to clarify uncertainties
and to prepare for conducting a significant number of larger scale J
experiments to be performed on the NASA Ames Cray computer. E
Varijous authors have suggested the use of crossover as a mechanism :
for improving simulated evolution. Some experiments were performed to
explore the worth of this concept. Another series of experiments were J
conducted to demonstrate Evolutionary Programming within the context of -
LY

identifying an arbitrary unknown transducer. Some difficult combinatorial 4
problems such as the classic Traveling Salesman Problem can be addressed -
through the evolution of less complex logics (for example, single state

machines). A demonstration in this regard is contained in Appendix.
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DISCUSSION

Additional Experiments on Prediction g

Increased Machine Size and the Saving of Equal-Worth Offspring

‘2

A
In view of the previous experiments, it remains unclear as to . :1
whether or not it is worthwhile to save offspring that are of the same t‘

worth as their parent. It is also of interest to enquire as to the worth ‘

of allowing the evolution of larger finite state machines. The previously .
used evolutionary program was altered to save equally worthwhile offspring S;

§ and to permit finite state machines of up to fifty states, this in the .-

hope that an increase in size will improve the predictive capability. In

| addition, offspring of equal worth to the parent were also saved. N,
! \
The first experiment required prediction of the same binary cyclic T
environment used in the original experiments (101110011101). As expected, =

in the first experiment, a perfect predictor was found, but this logic &
l was not discovered any faster. Figure 1 shows the predictive fit, while E'
Figure 2 indicates the cumulative percent correct prediction. Note that 1

th

perfect predictions were always made after the 170" prediction. Figure 3

£]

indicates that adding a state is a beneficial form of mutation. The rate ﬁ‘
' of increase in the size of the machines follows the probability of adding ;;
a state. Note that as the evolutionary process proceeds, the percentage <
of such beneficial mutations (as compared with all possible mutations) f’
I. gets smaller, and therefore the evolutionary process "slows down." This f‘
suggests that after a given complexity is reached, it might be appropriate i
l to include a penalty for that complexity or an increase in the probability ;5
of deleting a state.
| 3
The Prediction of Noisy Environments Py
I 3
Ten experiments were conducted to examine the impact of noise on the B
l predictive capability of the evolutionary process. The same binary cyclic K¢
environment was corrupted by having each symbol change, this with a ;:
l 2 o
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probability of one-sixth. Figure 4 shows the best of these experiments
with the predictive fit score being very close to the expected value

for a machine that perfectly fits the underlying cycle. Note that the
excursion of the trace above the dashed line indicates that the evolving
finite state machines were fitting the experienced noise. As shown in
Figure 5, the evolution achieves about 65 percent correct predictions.
The size of the machines grew rapidly to an upper limit to twenty-five
states because of the noise, reference Figure 6.

Figure 7 shows the worst of the ten experiments. Here the predictive
fit score was about ten percent below what could be expected. After 196
predictions, there was no evidence that the evolutionary process could
predict better than fifty percent, see Figure 8. Figure 9 again reveals
a rapid increase in the size of the evolving finite state machines.

Figures 10 and 11 indicate the mean and two sigma limits for the ten
experiments. The mean shows a steady but slow increase (probably to 83 1/3
percent, the highest possible percent correct for this noisy environment).
The two sigma "confidence 1imits" converge as expected. The mean worth
(average predictive fit) was very close to the maximum expected value
and had relatively narrow confidence limits, see Figures 12 and 13. Note
that if the environment is noisy and an all-or-none payoff function is
imposed, the evolutionary process constructs machines that fit both signal
and noise with equal weight. This is particularly apparent if the
environment is binary.

A brief experiment required the prediction of a noisy four-symbol
environment. Here the noise was quasi-Gaussian... a 67 percent chance
of altering each symbol # 1 and a 33 percent chance of altering each
symbol + 2. See Figure 14. A linear payoff function was used to provide

some "incentive" for predicting close to the correct true symbol. This
encourages discovering the signal as opposed to the noise. Figures 15

and 16 indicate the predictive fit and prediction capability generated

through use of this less severe payoff function. Since the four-symbol
environment was known to be simple (a two-state machine would perfectly
predict the cycle), a 0.01 penalty per state was imposed.
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Saving Equal Offspring with a Penalty for Complexity

Nine experiments were performed on the above-referenced binary cyclic
environment wherein offspring equal in predictive fit to the parent were
saved, and a 0.01 penalty per state was imposed. In one experiment, an
eight-state perfect predictor machine was found on the 63rd prediction,
see Figure 17. 12,603 offspring were evaluated in the 196 predictions.
Figure 18 shows that the machines greatly increase in complexity as
required to "solve this problem." Figures 19 and 20 show that the mean and
two sigma limits were slightly better than those previously obtained,
reference the first Quarterly Progress Report.

Predicting the Fibonacci Series, Modulo-10

Having determined that saving offspring of equal worth to the parent
can be of benefit, an experiment was performed to reveal the predictive
capability of the evolutionary program with respect to an environment
generated by the Fibonacci Series, Modulo-10. Figures 21 and 22 indicate
significant improvement over the previously reported results. The
evolutionary process was now able to "learn" more of the 60-symbol long
cycle. After 3,020 predictions, a 42 percent cumulative predictive score
was achieved. In principle, this environment would eventually be perfectly

predicted by a ten-state machine.

Predicting the "I.Q. Test" Environment

Seven experiments were performed on the typical "I.Q. test"
environment 101001000... again saving offspring of equal worth; all other
conditions being the same as those indicated in the first Quarterly Progress
Report. Figures 23 through 29 show these experiments in terms of percent
correct and demonstrate the adaptation with respect to an ever-changing
environment. In the first experiment, the "discovery" that it is better
to predict the zeros was not yet demonstrated because it had successfully
predicted the early one's. The second experiment shows a distinct

20
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improvement after 220 predictions. Clearly, the evolving finite state

machines now primarily predict the zeros. Figures 30 through 36 show
these seven experiments in terms of the size of the machines. In every
case, there was a rapid build-up to the imposed 1imit. Conceivably, a
higher 1imit would have allowed for a greater predictive fit score;
however, in the 1imit, the results would be the same. As the machines
increase in size, each state would correspond to a given symbol in the
environment. Eventually, there would be a steady state that predicts
only zeros. Figures 37 and 38 show the mean and two sigma limits for
these seven experiments.

Altered Mutation Variation

Ten experiments were performed to examine the worth of altering the
probabilities of mutation in order to improve the effectiveness of the
evolutionary process. Here the same binary cyclic environment was used
with a thirty percent chance of adding a state and ten percent chance of
deleting a state. Figures 39 through 44 indicate the cumulative percent
correct. In these ten experiments, the evolutionary process generated
five perfect predictors. As stated in the previous Progress Report, no
perfect predictors were found in thirty such experiments. Figure 45
indicates the manner in which the states bulid up in these experiments.
Figures 46 and 47 indicate the mean cumulative percent correct scores and
two sigma limits, respectively. The average number of evaluated offspring
was 3,238.8 with only a slight variance.

Predicting Cycles within Cycles

P L S .
- TR R R L e et e e
Fa N VIS T, SRR L G PR OO ;
i > N W ' o

A "double obverse" environment was constructed consisting of ten
repetitions of the above binary cycle followed by ten repetitions
of 223445, this being followed by another ten cycles of the original
binary sequence. Offspring of equal worth were saved. Five experiments
were conducted demonstrating early learning. The prediction score then

-34
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reflected difficulty in learning the second cyclic component of the
environment, see Figures 48 through 52. Saving equally worthwhile off-

spring leads to a rapid increase in machine complexity, see Figures 53
through 57. It is believed that the added complexity that results from
saving offspring of equal worth acts as a buffer to the coding that
predicts the original environment. As expected, therefore, when the
original environment was re-introduced, the evolutionary process quickly
redemonstrated its previous ability. Again, note that an increase in size
can markedly slow down the evolutionary process when it encounteres a new
environment. Also note that the initial learning of the first sequence
was slower than previously demonstrated. This was due to the fact that the
evolutionary process "believed" it was dealing with a six-symbol envir-
onment instead of merely a two-symbol environment (the initial machine

was experssed in a six-symbol language).

Similar experiments were also conducted wherein the cycles were all
within the same four-symbo)l language. Here the sequence 0132 was repeated
fifteen times followed by 331022 repeated fifteen times with a return to
the original sequence repeated fifteen times. In the first experiment,
only offspring that were superior to their parents in predictive fit were
saved. Here the evolutionary process discovered a perfect predictor
of the first cyclic sequence at the 20th prediction, see Figure 58. 348
offspring were evolved to yield a four-state machine shown in Figure 59.
Note that only a single state machine is necessary to predict this first
sequence. After the environment changed at the SISt prediction, the
evolutionary process showed a sharp drop in success but regained to a
prediction capability of five correct out of the six symbols. At the 141St
prediction, the original environment returned, and a perfect predictor
was still evident. 200 predictions evaluated 6,585 offspring. Throughout
the experiment, the machines remained of small size (three to four states)
because here only offspring superior to the parent were saved.

In the second experiment, the offspring were saved if they scored

equal to or better than the parent. Here again, the evolution indicated
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|

I superior learning ability perfectly predicting the cyclic environment on
only the eighth prediction (having seen only four cycles) see Figure 60.

l However, the evolutionary process had great difficulty in learning the
second environment (due to the added complexity gained while learning

I the first environment). When the initial environment returned, a perfect
predictor was still in evidence. The size of the finite state machines

Hi quickly grew to the upper limit of twenty-five states. This experiment

tends to confirm the notion that large machines slow down the evolutionary

process. ‘It is useful to compare the above results to the classical
zeroth order prediction of the same envircnment, reference Figure 61. Note
its extremely poor performance.

Crossover Experiments

J.H. Holland, in his book, Adaptation in Natural and Artificial
l Systems, 1975, proposed the use of genetic.operators. He believed that

simulated evolution could be improved by drawing an anology to sexual
reproduction. Specifically, he suggested that two machines be "crossed-
over"” through a substitution of states. A large number of experiments have
been reported by Holland and others on the use of this technique...

without their being any reference to finite state machines as being the
embodiment of the evolving behavior.

Several experiments were therefore conducted to investigate the
worth of this proposition. The first fifteen experiments involved the
same binary cyclic environment and used a two-state crossover, that is,
two arbitrary states of the best machine was substituted for two states
in another machine of similar size. The probability of this crossover
was chosen to be fifty percent with the remaining probabilities uniformly
distributed over the five modes of mutation. Figures 62 through 67
show that the best experiment discovered a perfect predictor at the 63
prediction. 2,976 offspring were evaluted, and the size of the evolving
machines rose steadily. The worst experiment did not discover a perfect
predictor in 196 predictions. 3,018 offspring were evaluated. The

rd
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increase in machine size was similar to that previously demonstrated.

While the mean worth {predictive fit) of the process consistently increased
(Figures 68 and 69) the mean percent correct of future predictions was
almost identical to that without crossover; see Figures 70 and 71. On

the average, 3,001.2 offspring were evaluated in 196 predictions.

Crossover was also examined within the context of the 1.Q. test
environment. Twenty experiments were conducted, each performing 85
predictions with an all-or-none payoff function. Figures 72 and 73 indiate
the mean cumulative percent correct and the two sigma limits. After the 40th
prediction, the process properly predicts all the zeros, although with a
significant variance. However, Figures 74 and 75 show that the predictive
fit variation around the mean is very narrow. All machines tend to fit
the previous history in the same manner. There was little difference
in the results with and without crossover.

The environment was then predicted using the asymmetric payoff function.

predicted
0 1

actual 0 3 0

Figures 76 through 79 show the result of eighteen experiments. The mean
worth of the abilities to fit previous history was slightly worse than that
without any crossover. The poorest results asymptotically fell toward

the expected value of the environment. The experiment with the best
results showed some ability to predict the early one's.
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As pointed out by Dr. Wirt Atmar, Holland's crossover technique
does not resemble the manner in which recombination occurs in nature.
Sexuality in natural organisms results in the recombination of alleles.
Alleles are defined as one of two or more alternative genes that control
the same characteristic and occupy the same place on similar chromosomes.
For Holland's technique to be effective, it must be assumed that a finite
state machine is analogous to a chromosome and that each state output
and state transition is analogous to a gene. But, this is not correct.
Genes contain the instructions for generating specific physical functions.
They are much Tike subroutines. Here a finite state machine could be
thought of as a gene. However, the structure of a finite state machine
could never be thought of as a gene.

As pointed out in Elements of Biology by Charles K. Levy, Addison
Wesley Publisher, Reading, Massachusetts, 1982, changes by crossover are
not true mutations "since neither the amount nor the function of genetic
material is altered." Under Holland's crossover, while the amount of coding
is not altered, the function of the coding is greatly altered. The result
of this is a near-random search throughout the entire space of possible
solutions. As the size of the machines grow larger, the number of
states used in corssover increases. As shown in Figures 80 through 85,
when predicting the cyclic environment 012345676532210, without loss of
generality, the evolutionary processes which do not use crossover perform
significantly better than those using two-state and ten-state crossover.
Holland's technique effectively destroys the link between parent and
offspring that is necessary for an evolving process to succeed. In the
words of Dr. Atmar, "While his original thought was in the right direction,
the technique he promotes is at too severe a scale. True sexuality does
not destroy (nor create) information; it only shuffles contending subroutines,
eventually trying almost every probable combination of those in existence,
retaining only those combinations found to be most beneficial.

Even at this far milder level of informational reorganization, evaluating

the "costs" of sexual recombination in producing inappropriately behaving
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organisms has been a topic of substantial debate which has continued on
in biology for some time now. The debate is currently being resolved

in the following manner: the costs of sexual recombination are no longer
considered severe because (1) the contending alleles (subroutines) have
generally been found to be quite similar, and (?2) there are not nearly

as manny alleles contending for each site as was originally thought or
predicted.

Sexuality is not a mutational phenomenon. It is, rather, a method
of rapidly sorting through the effects of mutated subroutines. The
advantages of sexuality in an evolutionary optimization program are not
to be underestimated. However, a very specific structure must be in
place before these advantages are obtainable."

Identification Experiments

As previously indicated, prediction is key to the process of
identification. Suppose an unknown entity is responding to known stimuli
in a clearly observable manner. The task is to develop an explicit repre-
sentation for that transduction, this on the basis of the stimulus/response
experienced to date. The predictor observes the seguence of stimulus/
response pairs, the most recent stimulus, then predicts the next response...
this process being repeated as each new stimulus is observed. The
predictor must develop a most suitable logic in terms of the specific
payoff function and span of prediction. If this span is the single time
unit, the discovered predictive regularity should correspond with the
underlying logic of the transducer. Evolutionary programming provides a
basis for such prediction and identification.

To demonstrate this hypothesis, a series of pilot experiments were
conducted. Success in this regard might justify more formidable experi-
ments on the Cray computer. As a first step, the transducer or plant is

95




deterministic and fully controllable, that is, each of the possible
response symbols is generated by each of the states. Plants of increasing
complexity in terms of alphabet size and number of states were used. Once
a searching prediction score has been obtained, the predictive logic is
compared to the actual transduction as a test of the identification. In
these experiments, an all-or-none payoff function was used in that all
symbols are equally important, and no credit was to be given for nearness.
To ensure adequate exploration, random input sequences were used to drive
the plant.

The first experiment required the identification of a two-symbol,
two-state finite state machine, see Figure 86. The evolutionary process
properly identified this finite state machine at the second prediction,
this after evaluating only thirty offspring.

The next experiment required identification of a two-symbol, five-state
machine, see Figure 87. Here, in 254 predictions, the evolutionary process
correctly predicted 80 percent of the responses and had a predictive fit
score of 90 percent, see Figures 88 and 89. In all, 32,376 offspring were
evaluated. Figure 90 indicates the final evolved machine consisting of
six states. It is tempting to compare this machine with the one shown in
Figure 87, but this is dangerous. The addition of even a single state
changes the meaning of all other states. There can be no simplistic state-
to-state comparison. Note that a fully controllable finite state machine
driven by random input in a binary alphabet has a fifty percent chance of
responding with either of the alphabet symbols. The predictive score
should be fifty percent. Clearly, the evolutionary process does
significantly better.

In the next experiment, a two-symbol, ten-state machine was the
unknown transducer, see Figure 91. Here, the evolutionary process was able
to achieve a high predictive fit score, see Figure 92, and predicted
extremely well, see Figure 93. The final machine was of fifteen states,
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while evaluating 8,040 offspring in the 290 predictions. Note that
increased complexity of behavior may not be simply determined by the number
of states. Here the plant has a relatively simple structure which was
evidently discovered by the evolutionary programming. Presumably, further
evolution would finally discover the computer logic of this machine.

Next, a four-symbol alphabet was used driving a five-state machine
that represented the unknown transducer, see Figure 94. Four experiments
were conducted; the percentage correct prediction ranges from 36 to 50, but
in every case, this is better than the expected 25 percent prediction by
zeroth order statistics. Figures 95 to 101 show the predictive fit score
and percent correct for each of these experiments.

An eight state machine was then used as the plant, see Figure 102.
Four experiments were conducted. Even though the size of the machine had
been increased, the evolutionary process was still able to predict 30 to 40
percent correct, see Figures 103 to 106. It is also of interest to
examine the predictive fit score for these experiments, see Figures 107 to 110.
The 60 to 70 percent worth indicates that if the evolutionary process had
been given more time between predictions, superior response prediction
could h-ve been achieved. In each of these experiments, there was a rapid
increase in the size of the machines, see Figures 111 to 114, even though
equally valued offspring were not being saved. An average of 11,422.5
offspring were evaluated in making the 290 predictions. The final predic-
tive machine of the first experiment consisted of ten states, see Figure 115,

Finally, two experiments were conducted using an eight-symbol,
five-state machine as the plant, see Figure 116. Figures 117 and 118
indicate the precent correct predictions to be 20 to 25 percent, this being
twice the level that would be expected on the basis of a zeroth order
prediction (12.5%). Figures 119 and 120 indicate the predictive fit score
for these two experiments. The results range from 45 to 50 percent worth.
Evidently, five generations per prediction was insufficient. Greater
exploration before predictions would have increased the predictive fit
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worth and the percent correct. Once again, there was a steady increase in
the size of the evolving machine, see Figures 121 and 122. The final
machines range from 16 to 18 states.

These experiments indicate successful identification through
evolutionary programming. The logic of the unknown transducer was
represented by finite state machines of greater size than required. This
is especially true with a larger alphabet. However, no penalty for
complexity was invoked. It should be possible to evolve machines of
similar size to the unknown plant, but there might be some cost for this
decreased specificity.

On the basis of these results, it seems worthwhile to explore the
identification of time varying and noisy plants through pilot experiments,
then design of experiments for predictive identification using the
Cray computer.
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CONCLUSION

Evolutionary Programming has now been demonstrated as a versatile
means for the prediction of nonstationary time series and the identification
of an unknown plant. It is fully recognized that much remains to be done
to dimensionalize the program as a function of the presented problem in
both prediction and identification. Arrangements are underway to use the
NASA Ames Cray computer for such work. In the mean time, further pilot
experiments are planned to guide these larger-scale demonstrations.

It is now considered appropriate to explore the application of
prediction and identification to real worid problems in a preliminary
manner. Medical, financial and other data sources are being reviewed in
this regard. It is of particular interest to focus attention on situa-
tions wherein the least mean squared payoff function is notably inappropriate.
This is surely the case for epidemiologic and economic time series where
equally correct predictions are not of equal worth, and the cost of a
"cry wolf" error is clearly different from the cost of a missed catastrophe.

Plans are being made to move from identification to control through a
series of pilot experiments. Success in this regard might well influence
the design of weapon systems.

136




REATRR
.

o q,.‘.'.‘,) "o 0 e gt -. NIRRT A \}y_\

Appendix

Addressing
The Traveling Salesman Problem
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ADDRESSING
THE TRAVELING SALESMAN PROBLEM
" THROUGH ADAPTATION

By David Fogel

INTRODUCTION

The traveling salesman problem has received a great deal of attention
in recent years. The task 1S to arrange a tour of n cities such that each
city s visited only once and the length of the tour (or some other cost
function) is minimized. Here is a simple yet recalcitrant combinatorial
optimization problem. For an exact solution the only known algorithms
require the number of steps to grow at least exponentially with the
number of elements in the problem. Brute force finding of the shortest
path by which a traveling salesman can complete a tour of n cities ‘
requires compiling a list of (n-1)i/2 alternative tours...a number that
grows faster than any finite power of n. The task quickly becomes
unmanageable.

BACKGROUND

Two recent papers' addressed the traveling salesman problem

1- *Procesdings of an Internations! Conference on Genetic Algorithms and Their
Applications,” John J. Grefenstistie, Editor, Carnegie-Mellon University, July 198S.
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through use of the genetic algorithm as proposed by J.H. Holland In 1975.2 p
This algorithm s an offshoot of the evolutionary programming concept
offered by LJ. Fogel In 1962,3 then demonstrated in his doctoral
dissertation and described In the book Artificial intelligence through
Simulated Evolution Here, intelligent behavior was viewed as requiring
prediction of an environment then the use of such predictions for the sake
of its control (at least to the extent possible). The logica) process of
iterative mutation and selection of behavior is simulated in fast time to
eventually evolve a logic most suitable for resolving the given problem.

The behavior of each artifictal organism is portrayed by a finite state
machine... 2 mathematical function that does not constrain the represented
transduction. It need not be linear, passive, or without hysteresis. The
original “machine" (an arbitrary logic or a “hint") is measured in its ability
to predict each next event in its “experfence” with respect to whatever
payoff function has been prescribed. An offspring is now created through
random mutation of this “parent™ machine. It is scored in a similar manner
to the parent in predictive ability. If the parent is better than its
offspring, the parent is used to generate another offspring. If, however,
the offspring is better than the parent, the offspring becomes the new

parent. This assures non-regressive evolution.

2- Adepistion in Natural and Artificial Systems, J.H. Holland, University of Michigan
v Press, Anh Arbor, 1975.

3- “Autonomous Automats,” L.J. Fogel, /ndusirial Ressarch ,Februsry 1962.
4- "On the Organi2ation of intellect,” L.J. Fogel, Ph.D. Dissertstion, UCLA. 1964.

| S- Actificial Intelligence through Simulsted Evolution, L.J. Fogel, AJ. Owens, M.J. Welsh, John
Wiley & Sons, New York, 1966.
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P 5 %

An actual prediction ts made when the predictive fit score demon-
strates that a sufficient ievel of credibility has been achieved. The
surviving machine generates a prediction, indicates the logic of this
prediction and becomes the progenitor for the next sequence of progeny,
this in preparation for the next prediction. In this way, randomness is
selectively incorporated into the surviving logic. The sequence of
predictor machines constitutes phyletic learning... inductive
generalization... generation of new hypotheses concerning the relevant
regularities found within the experienced environment, this in the light of
the given payoff function. Prediction can be used for the purpose of
fdentifying an unknown transducer. Feedback of the evolved model then

R ¥

554y

LA AP
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forms a basis for control. \

Rather than describe each organism only in terms of its behavior,
Holland chose to evolve the code which generates such organisms.
According to D.H. Ackley,6 Holland's genetic algorithms search a parameter
space where "any point fn the parameter space can be represented as an n
bit vector. The technique manipulates a set of such vectors to record
information™ about the parameter space. "There are two primary operations
applied to the population by a genetic algorithm. Reproduction changes the {
contents of the population by adding copies of genotypes with 2
above-average figures of merit. In addition to this...it s necessary to
generate new, untested genotypes and add them to the population, else the
population will simply converge on the best one it started with. Crossover
is the primary mean of generating plausible new genotypes for addition to <

"" J

TSNS A

the population.” I

i 6- “A Connectionist Algorithm for Genetic Search,” D. Ackley, in Praceadings of en

' Internationsl Conference on Genetic Algorithms and Their Applications ,:
JJ. Grefenstetts, Editor, Carnegie-Mellon University, July 1985. é
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As defined by Holland, crossover takes two structures,

Al-al |3|2-..3|n and A2 = 82|822...82n, and at a random point °x" between

1 and n, exchanges the set of attributes to the right of this position
yielding offspring of the form: A¥ = a;12;5..21,35(x+ | )--82n: AcKley

continues to state: “This "offspring’ is added to the population, displacing
some other genotype according to various criteria where it has the
opportunity to flourish or perish depending on its fitness.” "Mutation
provides a chance for any allele to be changed to another randomly chosen
value.” "If the mutation rate is too low, possibly critical alleles missing
from the initial population will have only a small change of getting...into
the population. However, if the probability of a mutation is not low enough,
information... will be steadily lost to random noise.”

Holland likened the actual code being mutated to that of the genetic
code that defines a given organism. While Fogel, et al. only used small
degrees of "background™ mutation, Holland examined the operations of gene
“crossover™ and “inversion™ among other actual biologic genetic
recombinations. Although Holland's work went largely unnoticed for some
time, today a great deal of attention is being given to genetic algorithms.

At the above referenced conference D. Goldberg and R. Lingle, Jr?
offered several observations:
“1) Simple genetic algorithms work well in problems which can be

7- “Alleles, Loci, and the Traveling Salesman Problem,” D.E. Goldberg, R. Lingle, Jr., in
Proceadings of an Internations! Conference on Genelic Algorithms end Their
Applicetions ,J.J. Orefensiette, Editor, Carnegie-Mellon University, July 198S.
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coded so the underlying building blocks (highty fit, short defining
length schemata) iead to improved performance.

2) There are problems (more properly codings for problems) that are
GA-hard -- difficult for the normal reproduction + crossover ¢+
mutation processes of the simple genetic algorithm.

J) Inversion is the conventional answer when genetic algorithmists
are asked how they intend to find good string ordering, but inversion
has never done much in empirical studies to date.

4) Despite humerous rumored attempts, the traveling salesman
problem has not succumbed to genetic algorithm-like solution.”

The authors then suggested a new type of crossover operator,
“partially-mapped crossover (PMX),” that would lead to a more efficient
solution of the traveling salesman problem.

- Specifically, consider two possible codings of a tour of eight cities,
A, and A,, areturn to the initial city being fmplicit:

A:35127684

Ay18543627

PMX would proceed as follows: Two positions are determined randomly

along the A, coding. The actual cities located between these positions

along A, are exchanged with the cities located between the same




W W W Wy : g
ARG S A 2P A i Pl r e a2 DSl A Al e’ s e aoe and og 0

143

positions along A,. For example, 1f the positions three and five are chosen,
the sub-coding along Ay is 1-2-7, and the sub-coding along A, is 5-4-3.
Each of these cities is then exchanged, leading to the new tours, A%, and
AR

A%:7 1543682

A*xS 8127643

They reported two experiments on ten cities where the PMX operator
enabled the search to efficlently find etther the absolute or near optimal
solution. Goldberg and Lingle stated that this operator was more complex
than “simple crossover,” as proposed by Holland. As will be shown, in fact,
it is not.

in another paper by JJ. Grefenstette, R. Gopal, B. Rosmaita and
D. Van Gucht,8 Holland's “simple crossover" was utilized. This required the
formation of a special coding structure. Clearly, using this operator on
two valid tours could result in an "offspring” that was not a valid tour. As
AK Dewdney? related, the authors' method for devising the appropriate
coding was ingenious.

8- "Genetic Algorithms for the Traveling Salesman Problem,” J.J. Grefenstette, R. Gopa!, B.
Rosmaita, D. Yan Oucht, In Proceedings of an Internatiensal Conference on Genelic
Algorithms end Their Applications ,J.J.Grefensiette, Editor, Carnegie-Mellon
University, July 1985.

9- "Computer Recreations: Exploring the field of ganetic slgorithms in & primordis) computer
soa full of Nibs,” AK. Dewdney, Scientific American , November 1985,
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“The representation for a five-city tour such as &8 ¢, € g 2 turns out
to be 12321. To obtain such a numerical string reference is made to
some standard order for the cities, say, g 4, ¢, ¢ e Given a tour such
3s g ¢, € d b systematically remove cities from the standard list
in the order of the given tour: remove g, then ¢, @ and so on. As each
city is removed from the special 1ist, note its position just before
removal, ais first, cis second, eis third, ¢ is second and, finally &
is first. Hence the chromosome 12321 emerges. interestingly, when
two such chromosomes are crossed over, the result is always a tour.”
Dewdney continued further to report that unfortunately the experiments
with this representation were “not very encouraging.” The authors
conducted larger experiments than those of Goldberg and Lingle, including
50, 100 and 200 cities. In the three reported experiments, after a large
number of trials (approximately 14000, 20000 and 25000, respectively),
the best tours were still far away from the expected optimal solutions.

At this point it is natural to ask “why?". After all, the traveling
salesman probiem only requires discovery of a logical pattern. This seems
completely analogous to what occurs in nature. If the crossover of genes
works in natural evolution, why shouldn't it work here? The answer is, in
fact, as noted in observation #2 by Goldberg and Lingle: The traveling
salesman problem s GA-hard -- difficult for the normal reproduction ¢
crossover + mutation. This is due to the fact that Holland's crossover
operation does not mimic the biologic crossover of genes.

As defined by CK. Levy, 10 crossover fs the phenomenon where “old

10 - £lements of Riolagy, C.K. Levy, third edition, Addison- Wesley Publishing Company Inc.,
Reading Massachusettes, 19682.
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linkages between genes on homologous chromosomes are broken, and new
linkages are established. Genes that reside on the same chromosome and
move together are said to be ‘linked. A linkage group is any group of genes
physically linked on one chromosome.” Levy goes on to state: “Changes in
linkage groups are not truly mutations, however, since neither the amount
nor the function of genetic material is altered ™™

PNy D 3 D D VR L L

Crossover allows for different combinations of alleles. Alleles, by
definition, control the same characteristic and occupy the same place on
similar chromosomes. Holland's crossover treats the entire tour as a
chromosome and each city in a tour as a gene. While Holland's crossover
does not change the amount of coding, it greatly alters the function of the
coding! A more appropriate biologic interpretation of a tour would be that
it is itself a gene Crossover inside a gene is a honsequetor. The tour is
absolutely not analogous to a chromosome and each city in a tour is pot
analogous to a gene. These relations are in fact anomolous.

The result of Holland's crossover, therefore, is a near random search

, throughout the entire space of possible tours. Perhaps Dewdney said it

, best when he stated that by using crossover “there is so much juggling of
genes and cracking of chromosomes that...(a parent)..is hard put to
recognize its own grandchildren.” This is, of course, the very essence of
the difficulty! Adaptive plans must retain aiready made advances in order
to ensure that an optimal solution will be found. As the number of cities
grows larger, Holland's crossover effectively destroys the link between
each parent and its of fspring. The results can even be worse than a

%. Underline added by this author.
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complete enumeration of all possible tours (reference the Addendum).

AN AL TERNATIVE APPROACH

As an alternative solution, consider the Adaptive Algorithm, so named
because it does not include any of the pseudo-genetic operators that
Holland has suggested. In this algorithm, which is equivalent to
evolutionary programming restricted to single state machines, only siight
mutations are made to an existing tour by removing just one city from a
given list and replacing it in a different randomly chosen position. This
mutation is only slightly more complicated than the simplest possible
mutation..swapping adjacent cities. It is clearly less complex than both
the PMX operator and Holland's crossover. Through multiple mutation, this
single alteration can be made equivalent to either of these crossover

operators.

According to Holland: “If successive populations are produced by
mutation alone (without (genetic) reproduction), the result is a random
sequence of structures drawn from (all possible structures)"!! This is
only partly correct. The Adaptive Algorithm does result in a random
search, but only in a portion of the space relatively close to the parent
that generates the offspring. This increases the effectiveness of the
algorithm dramatically as it allows for the retention of advances.

11- Adaptation in Neture} and Artificial Svstems, J.H. Holland, University of Michigan Press,
Ann Arbor, 1975.
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But more is still required. Not only must advances be retained but
“dead-ends” must be circumvented. Because there is a finite number of
offspring that can be generated through mutation, there might well be
stagnation on a local optimum. To prevent this it is useful to randomly
alter the adaptive topography* that is being searched. This can be
accomplished in varfous ways. One of these is to occastonally allow for
the survival of offspring that are slightly worse than their parents. In
effect, the scoring function is made “noisy.” what resuits is analogous to
the searching of a maze; when a dead-end is reached some backtracking is
allowed and the overall search is reinitiated.

Unfortunately, the topography ts much like an upside-down bed of
nails, with some nails being longer (better) than others. From any given
nail, 1t is possible to travel to any of n{n-1) other nails in a single
mutation. Thus, unlike a maze, when the evolving phyletic line reaches a
non-optimal nail from which no single mutation results in a better tour, it
is impossible to determine the “direction” in which to backtrack. A given
nail can be reached in a multitude ¢f ways; therefore, bactracking is
allowed in any direction. To further aid in the circumvention of stagnation,
the degree of “poorer quality” offsping that are occasionally accepted
should gradually be reduced as the adaptive process proceeds.
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% ~ “aAdeptive Topography” refers to the scor ing function on the lyperspace of possible
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MWW (7o W

Adaptive Algorithm. Initially, 128 independent trials were performed on a
24 city traveling salesman problem where the cities were positioned on
the periphery of a rectangle. Clearly, the minimum length tour is equal to
the perimeter of the rectangle, here, 250. Of the 128 trials, 90.625K found
the optimum solution in an average of 5297.48 iterations, see Figure 1, the

N
N
&
.
’
g

maximum number of iterations being arbitrarily set at 14,000. Figure 2
indicates the results of the remaining 9.375% of the trials. Here, at least
temporarily, the evolving tours were trapped on a local optimum. Despite
the seemingly non-complex arrangement of cities, the numerous local
optima make this traveling salesman problem difficult.

The cities were then distributed at random. First, 19 experiments
were conducted requiring a tour of SO cities. The cities were redistributed
for each experiment. In each, no optimum tours were discovered in 20,000
iterations, but it was clear that the evolutionary process was “solving the
problem.” Figures 3 through 21 indicate the results of each experiment.
Figure 22 indicates a typical example of the evolutionary process
discovering more and more suitable tours as offspring are evaluated. Note
that “backtracking” plays an integral part of the search.

Experiments were then performed requiring a tour of 100 cities under
similar conditions. Again, while none of the eight experiments found a
perfect tour, the evolutionary process performed well. Figures 23 through
30 indicate the resuits of the eight experiments while Figure 31 indicates

the reductfon in tour length as offspring are evaluated.




L. e e xR AAAATEAR L AT A e v,

ttttt

R
-

L
‘e

S9}DUIPI00) AN

149
LY R

-

oot 06 08 0L 09 0S )4 ot 474 ol 0

™y s 141-410
<.-q-.<14-|¢-¢.uqi&-dd-ﬂ-qlq--ﬂ-iuqtd-- ]

ol
0¢

t".:‘t .:'\.:\{‘a"'-'.\.“.-- Sl

(1]

d
e
ov A
2
A
0s o
7
“
NS
09 :

L
iy
.

0L
o8

Finmwe 1

06

DS U PUWE PUDYY FUUTS FUWEE | YT PUNOS PPWEE FWwen

. 00l
0v2ZG uolinJay| 000°'0GZ = douD}si( WNWIUIR

L8 yuswadx3y

| ## sauag ul uoRN|oS jowindQ ay) jo K13A02s|(Q |N}s§3IING }O ajdwiox3

m
:
»
z
o
H-
2
5
'
'
v
A
'
1
]
Ll
1
!
'
i
t




w ........... RN 2 TV,
j ) .
3 s9}bulp4o0) A1) W,
”“ oL 06 08 0. 09 05 Oy Of O0Z Ol O p
vr. L 2 ] 111-1111-\*1ll-I‘qid-i‘lll-lq‘lqﬂi‘ill-ded-Ill-dJl ldLo .\M
: i
{o! :
3 3 .
: j0¢ %
3 ] N
d jo¢ X
3 w “
m VA >
" ]

) j0s
. 09

joL
] N
o8 5
] 2
{06 -
1901

086°LEE = 32UDYSIQ WNWIUL

m

w 9/ # yuswiiadx3

| # saag ul uonpubols Jo ajdwpx3 |paIdA)




. S9}DUIPJI00Y) 319 7
OlL 0OL 06 08 0. 03 OS5 Oy Of 0Z O O 3
-jdﬁ-lddd-\ﬂﬂ‘-d-‘un.--JJ—“-l-deJ.‘ﬂq-‘I-j-J—‘Id-I“o -*m
] 7
J01 K
] %
{oz %
s . .._ ...mn,
" 30¢ -
i u 7
o %
§0S
o9
oz
o8 ~
o6 E
] w
ool
1011

GF'GB9 = OUD}SIQ WINWILIN

| ff yuswiiadx3

S2111D) OG — Wa|godd UbWsSa|DS DUl|oADU|




Bl s T R T SO, TIPS ey TR RN TN NN Lo N L . W, W

152

Loty e S OGN SRt DL 7 QNN ) Sy

s@3}puIploo] AYD

Pm\.‘, | A AR CA

o
-« 2 8 & A

oLt 00l 06 08 0L ©039 0 oy 0 0C Ol 0

A e e N SR Ea Al RAs-SARal LAl nl RRRE LY
ol
0¢
(0]
ot
0S
09
0L
08
06
00t
oLt

AWTVE SUSTE FUPES FUW

aaalaasalaaaal YOV E PYUUE SUUYE FUUV]

4

10'989 = 9duD}si] WNWIUIW
¢#f yuswiiadxy

S91110 0§ — W9|qodd UpWss|pS buljoADd |

« 4
DAL

Figure 4

SRS

S
Y

e e g™ hes - ‘a
LN N

1“‘
-

'. --i..“‘
a N NN %

.-..‘l‘...‘. .
ettt

)
%

- ‘\ . .
DTN

ARG P

sl A T

Y




’... AR SR A A R S Rt Aeiigt d Sl g b N 2 S e S0 Sin di gin Sl dh S0 di A% ain 4o 2
23

A
153 g

100 110

90

80

T
o a

B
"I""",

Experiment #3

v
Il

70

»
>
.
.
.

60

50
City Coordinates

40

30

20

10

le.llllllIllllllllll_LllllLlllJlllLlllL_LlljllllLlLJllL

swue (T FUUNY FUNES FWW

O O O O O 0O O O O
O O ~N © I <& M N -

sadlagastlassalssantlansalasy

-
e
o

110 Minimum Distance

100

(0p

O

O

)

(@

l

Q@

Q0O

O

an

- o

O o

E To)
(o))

U) 0w

@

O

0p)

(@)

L

O

>

@)

.

l.._

.

Figure 5

. U S )
L , N T et et e Vet a
4 , R LY SO »'.‘ . "' . -"‘- “a "\'

.0 - LY ‘p R .; - ‘- -
e NN AN AN A




- wm Tm T maT L WR WL WX RV IR

.\ s:\lvui rﬂ.fQoVHfllfl.*lnfw.u-g . Py .sv P »~ P . o P \ FJ R Y

OAPMMYY IASMOOR  HRY)

s3)}buip100) A1)

154

OLl 0OL 06 08 OL 09 OS5 Oy oOf 0z OL O
[ LJBLJLJNL I JE I A 2 N B A B AL I 0 LN LB B LSS B BNL BN MMM ML BLER MLEL LS J---qluo

ot
014

. 1-\"-..!_.‘-7 R o

~..‘
- - "

e dte gia ol g pani gl (e al ok et ST et S

'WEYE FUTYE ST

0 4
.w 0} 4 5
ELE :

asg &
0L
o8
06
001
Ot

O 7 R

llJJJlA_LlAJlJJlLJllAAJjJ.Al
Figure 6

r

G69'899 = 20UD}SIQ WNWIUIN

y# Juswiiadxy
Sa1110 0§ — wa|qoJdd UDWS3|DS @C:@>O\_._.




155

ottt QO0i

s930uIp100) AYID
6 08 0. 09 O0Ss oy o0g 0z Of

1¢¢-

Jqq!ulﬂl..ql~u--J*T-Jl—d]-—aqqduqﬁq-

—ulcﬁlﬂﬂlldduﬂd‘lqlﬁ\q

ux;:x;iuu!‘l saaiaa

aatag

IAJJIAIIJJL_AAJALLI'JJJLIAA

ot
0¢
og
ov
as
09
0L
08
06
aot

1014

MRS et ™ et et S ¥ bt ot s e om0 ] -
- ' AR JON R S
L TR TR YW T T e

S91110 G — Wo|qodd ubusa(pS DUljaADI]

§/3'¥33 = 9oUD}SIQ WNUIUIN

T e ——————

G# juswiiadx3

Figure 7

-~ -
PR LI Y

Tet .~ - -
Tt L

RSN O

\..‘
-

AR
AP, S D R

DL N '.;". K

EIFASY)

P

.’\. '\.«\ -
» \ .
A.Li-,c.?.}

ok

y

‘e
-

. ..*.
i

N
..

e h&-z'\ IR .'1“: 4'*."

A4

-



m rllll"lL B T . S ) - - P )
W. 2 S9}DUIPI00] AMD
4 oLl 00L 06 08 OL 03 05 o O o0z OF O
WM u Nlﬁ-ﬂqqnalq-Ju-qud\-uJ]-—-]—d-q-—-‘-dd O
\ 0l :
0z ,.“
og
ot
0S ¥
09 ;
0L
;
w 08 w 2
m 06 s -
4 e,
! 001 g
| lait

G6C'G L/ = 80UDISI WINWIUIN

g# juswiiadxy
Salli0 QG — Wa{(qodd UDWS3|DS @C:®>Ok_._;

Il m T v e ctmm——




e AR AR T e

olLt 00 06 0B OL

........

S3}DUipJoo) AND
05 oy o0 0Z 0L O

—"_  \

-ﬂld-qdqu-—ddx-\-4q¢1-iu-~d‘—d“~1-d—-4d~\c-1—!~d1¢uld—---<-1-

VY FUPYE FRUPS T T

IS SVEVE FUUEHE FUBYE FUUTE FUUPE FUTD

L# yuswiiedxy

9¢¢'989 = 8duD}SIgQ WNWIUIR

0}
0c
o¢
v
0Ss
09
0L
08
06
0ot
oLl

Sal}10 0§ — W9a|qold ubwsa|pg buljeapd|

Figure 9

ERER ST AT I R I IR

..';.'_'n' ' \‘,'". -

7

PRI
v .\.

NS A o N,

v ’I"-- "I-"N.
A'_'I:.JA ‘S

A
B o Py,

» “:( .( ‘I-. -
Tty

Y

. .. “e
e »
a e o

y o

W2

X:\ i‘:,’.‘.,s_’. e

XA RNNN

Vo
Tt

&



MR PECUUgIR| (O CEr oy OpPANN RRAReA BN RREA

b

3 '
o S9}DUIP400) AHD 0
- N..
g oLl 00L 06 08 0L 03 05 OF 0O 02 Ol 0 7
W” TrTr T rrTY T Ty IR BRL AN S B AN B T B (U0 S A B L AN UL ANL NN L ANC ML ANE Y NLARL L DNLON RELBELJL IO L O \”M.
i ot &
w. \Y g
g ON ..“.1\

Gk

0¢

-
FETS FUTTE FTUVE FUTTY FYUTY
1"-\3"

S
1 i0s
..w ] ..u.
: 109 o
p : ;
{ 704
: jos =
n ‘ S

106 5

3 o

7001

3

ott

¢y GL9 = 20uD}sig WnWwiuly

g# Juswiliadxy
Salll0 )G — Wa|qOdd UDWIS3|DS @C__®>O\_._.

r.. TS R T U R AT AT AN T X T W W W W W Ty




$9)DUIPJ00D) AHD - | .

Ol 00l 06 08 0. 09 05 O 0 0O Ol 0
.jj%%i—i-.-—lﬁﬁ-J—-..—-I-4qJ—-1-ql~1-- O

ol
Q¢
o¢
)7
0S
09
QL
08
06
001
otl

[EIR
PR Bt

- W

A \."\.“; Pyl

LN OL O PN

s

TS SUDYE FUWES FUUUE ST
= n
-

\
T

[l
b
e
o

4

TS FUYERS FUPYS FUTYE PYDYE I

Figure 11

aaaaly

Y£/°999 = 89UD}SIQ WNWIUIN

64 Juswiiadxy

S91}10 0G — Wa|qOoJdd UDWSa|DS DuljeADI |




« T

Lty S Aot

IR EX T TeT b i ciot D 4

Riaide 2 i R ca !

Fe P W W ATIIATEN VN DO

R WY TN Y W T O e

e R L I AR A o R "y | et o S e it g

160

- -—

S8}DUIPI00) A})
OlL 00l 06 08 OL 09 0OS oOF Of OZ Ol

f

o

J---&.—14.-I-&l--1q-.Iql—-Iqlq—qn--q-ddlﬁulq\q-—-qiidql-wqq

ot
0¢
0o¢
of¥
0s
09
0L
08
06
ool
ott

TS FPNYS FSUWYS FUBYE PUPES PR STV

L AL

s ¥

adslaasslasy

¥¥.,°009 = 8oUD}SIJ WNWIUIN
0l # juswiiadxy

S81110 G — W8|q0Jdd UDWISB|DS DUI|BADI |

Figure 12

R
>

o

~ A
-

(S

NN

\‘_.“‘.' Tt Lt - « L™
WY -'v‘.\'.\\\\\\' BCAC AN, W

q
il

i
%
x \m
X
o
S
S




RN Bl S At et dha sl ah Mt uie ain oty ¢ En i Bl A0 Ata Ay gy Bie 4y, wo. (v |

Tl TR TR TR T RTEYR T WV YWD Lt e S g

o -

161

OilL 00l

T T T T S AN R s TN

......

nnnnnnnn

S3}DUIp100Y A}D)

06 08 0L

09

0s Oy

............

.

o 02 01

-n--uu-q-Juun-lﬂﬂq—dqd\J\-%ljd-—uduqdlu-d—qﬂ-—-dni

ol
o¢c
o¢
(0} 4
0S
Q9
0L
08
06

Moop
Oti

ala 'UVS FUWES FPUTVYE FUUYS FUUWS SWUTY | Al i b

Add

ad

aaalaay

S91}10 0G — Ws|qoid upwss|pg buljaAbd|

- PN

| | # yuswitadxy

8¥8°909 = 30uD}s|g wnwiuiy

At

CRLS X

R P AR AT
“_- TV, U A AL AL S LR LS

TS S AR
Ny A“J“J\‘-“.-‘

SRR

- .
Li
ALS

Figure 13
S

e
'-"‘.‘Il ‘n':

e

v
A5 endidy MA" (" .

)

LSS
Py

- ..-..\. . i .,



OllL 00Ol ©0O6 08 0L 09 0OS Oy O 0z Ol 0 . g

ol .._w
0z 7
A
ot
0S
09
0L < “” ,
08 e
=)
06 -
ool
0] 54

¢ 12,9 = 9ouD}sig WnwWiuly
Z 1 yuswiuadx3
Sal110 QG — Wa|(qOoJd UDWS3a|DS @C__®>O‘_._.




163

S2}DUIPJ00) AYD
il 00l 06 08 0L/ 09 05 Oy 0O 0z OL O

le-iql-iﬂljlﬁo-‘l-Jl--Jﬁ--J‘Aql-lqdﬁqmuJ-WHH.*a—.jﬂ—.---ﬂql.o

ol
ac
o¢
ot
0s
Q9
0L
08
06
00t
oLt

Y WY

lJ lA_A.AlLALJLALAAl*AJAlJ s

Y

[UWE FURTS SRR EPw

L9219 = 9OUDISIQ WNWIUIK

¢ 1 yuswiiadxy]
S9l110 0§ — Wa|god4d UDUWSa|DS @C:@>OLC.

Figure 15

S GG N

R AL,
3PS 3% I K

-
..
A

Tt e Ty et
"t RO
PRI B

<
")

OISR

bRy

R
i o,

MYy

S
A0S

L IPC TSP
1}3”-.%1:. .

h¥50535.159%



LER T L LT 2T 2% B'e 26 2712l g8 24

R L A TP R R T P e | AT TN Tt
.

EMMCACARMRY | (A AG A SN OfRMOrigie -§ (g NN
.............
- -~ L

sa3puip400) AJ1D

164

oL, OGL 06 OB 0L 09 O0S Oy o0¢ 0¢ Ol 0

ﬁ-\lqd-‘ﬂnld-Tﬂtnﬂ‘nﬂqlﬂqudlﬂlﬂdldlddJld\-—lquuﬂd-‘dddﬂdl\lnu—- ddl,—d‘-wc O

A AR LN S

R AN SO

Jl_j

o O

n <
"al.._‘. s.}:g

aaalasaslasaalaaaa lasan

-, *e " w . -
- AU US AR N
RPN ( };‘.. NC AN

l AAJ‘A_IL J
o
™~

o
o
Figure 16

S FWPwS FUTws I

00l
ott

LOL'$.9 = 89UD}SIQ WnWIuip
1 # yuswiedxl
S91110 0G — W|qodd UDWSS|DS DuljaADI]




R FEURTY Y XXXV )  SWNTANNR | O LSEr

e

165

sajouipioo] A0
OlL 00L 06 ©08 OL 03 O05s Oy o Oz O O

531!—]11)—\?\1.—1-‘41-Id—-1--—41-ﬁ_-W-uﬁ--d-ilqﬁd--—ﬂ-- o

ol
(014
o¢
8)4
0G
09
0L
08
06
ool
0oLt

N YT FUUWS SUUTY YT U

adaaalaasalass

S

1£0°Z 19 = 29UD)S|Q WNWIUIN

G| {# juswiiadxy
S51}10 G — W2|godd UDWSS[DS DUI|aADI |

Figure 17

LKA ORL L Y K

)
L)
=

LT, 0%, 0¥ L0

R A T,
Y 575 SN0 S8 8

P L et



LA I Y Y VLY T Ot
. & E

mmyoc_P_oou b_mv

-
.

oL 0O0L 06 08 oOL 03 05 Oof o0 02 Ol 0

-W-wlﬂdﬂ-—Wdllﬂﬁ-]1-'—1~]-|-|—\l¢!-4«ﬁjd-u-\ud—--dududﬁ-\d‘lﬂtju.o

0}
0z
og
ot
0S
09
0L
08
06
001 i
obl

IR L) - -
e NN AN

. R\ O \LA e J

IR
AN
S RN

N S
\\‘L.L‘L‘-‘,:k

Figure 18

¥95°98G = 29UD}SI] WNWILIN

LI e LS L. ) .
sy

AW

,r g|# juswiiadx] :

w S31110 OG — W9|qodd upwsa|pg buljaapd] i
m i
7
| g

|
|
b
ks




e CERTTER I 0 A AR

rl.......L

~ sajputpioo) Ay )
04} 8_ o\u 09 Q5 0o 0% 02 QF 0
ﬁ .J.Imnw.t«l—l\m. gy ey = g mey g gy D x o gep——— \u
mon .U
,Mo.q %
{08
09 7
10,
] o
108 2
: =1
.“om el
oot
o1t

8GB'6G9 = IDUDISI] WNWIULN
L1 # yuswiiadxy
S91110 0§ — W|(godd UDWSS|DS @C:@>OLC.




G ST RS Y T S T ENS e ECa ek

mwuoc_v‘_ooo 35

168

o

oLt ©00f 06 08 0O, 03 05 O O£ 0 Ol

Iq.qﬂnllndqﬂdd‘dd—J1dd|d1da11ﬂﬁ-‘d|dlﬁd\aulqu-u-dldlclﬂda‘d-—-]- O

i0l
joz
jog

2d

oJa

0]
0s
09

alasaal sy

1

onn

308 P
u e
406 =S
] w
00!

1041

996°¢/,9 = @ouD3sid wnwiui

:
g1 # yuswiiadx3
Sai}l0 0G — Ws(godd UDWS2|DS @C:@>OL._:

&
o
'.-_“\\«h: ":* oL,

.y e
a > b
Nt

'.:\'_.

A0S

Ll
-

23

"W
AN A TALSEN

»
.




AU Rt e Ao h g d asi o o/ o o1

RARMA I T A A atie gt &k g

RO A A e I B A A i Ao

S

h T VR B G AR R R Nt e e

"N

" 8" a"w"

e = — - &SI T R8I AT

S81110 0G — W9a|qodd UDWSS|DS DUIlaAD |

-------

sajoulpltoo) A3
it 00L 06 08 0L 09 06 oy o0 0Z Ol
1%4414-1%.13%—4 LA St e G A nt B AN DL R AR 0 NN B DAL L BN SILAR JNLEN ]

>

. . »
00000000

FTTE SUTTE FEUTE FTTEL FTTRE PR T SUTRE PSS SUUTS FTUTY PUTes o

o O
-

££6°CL9 = 30UD3SIQ WNWIUIN

61 # yuswiiadx3

OO O 0 O O O O o
M O N W N < 1 N

0[0]2
0tt

Figure 21

BOAC SN A AR

Tt Ty

A R

o
™2

e
.

%



e

e Bl &

L e

R A St o i A

Rk S i ol Sl Nl AC Sl e Ao o 0 s g & A el

h s

Mhaard oo o g o

= Vs WAV TRy Wy

RS st b e i v sd

170

)
't o YN
N 5 e ., 1 D [ 5,4 " -
......... AN " 4 d ;
........ et ettt . -.>¢~n'-.\- e ) AN 8 e
AL e WY, DA A L g PR

bulidsjjo pajpn|bAas jo Jaguin
000G} 00001 000S 0

7100S

000l

00st

000¢

Figure 22

' 00S¢

yybuaq unoj

juswanoldwij A1IDUOIIN|OA]

S21110 G — Wa|qoJdd ubwsa|bg buljaand]




R AT, ARy Y Y Y ]

S89}0uipdo0) A}

171

ol 00L 06 08 0L 09 0SS OF 0g O0OcC Ol 0
 SAILERLEE LIRS0 & G i 2 Sl B St e e B0 M A B By gt 2 o 0 e 0

“op
10C
o¢

10g B

\ \ 5 09 N4
TN ] ....“..

. 10L A

08

ﬁ\\/V\\ L=
- 100t

00611 = eoudysiq wnwup "

| I
“‘J »3 J, F
Nt N e et

Q)
LlJJ‘lN!l

S e Attt .
DA LTS K Y DN A A

!

ala

i

Ll aas

|

Figure 23

aald

| # Juswiitadxy

S81}10 00| — W8|qodd ubwsa|pg buljaAbd |

b
w
»
4]
P
h
.

Bt

A ¥ )




C e mem s Tt LT eTE L AEEEMA K L Ly, Y, ~‘.H LRI - . e B L. s Va0 0T, blu‘.. 'l- -O.n_i i_n. [ R (4 v LN
!\. - - RN l .l
| - - [4 i - 1

S9)DUIPI00D AYD g

172

ol o0L 06 08 0L 09 0S5 Oy o0t o0C O} 0

.lql-adldlﬁlﬁju—-q-ﬂ--—I~1-<_ud-‘—-1._-quud-—-.-—qu.
L}

0
{01
{0z
{og
1ov
05
09
joz
108

06

1001

¥6'¥601 = 2oUD}SIQ WNWIUIN Oit

. ATttt Yt
AN ARSI AN S

et et o
N A et AN  taTtava

'
o
.
‘e
.
»
T
o
.
I
)
-
)
»
’

“
a
......
. I‘ 4
A

Figure 24

aalaasa

Z# 1swiadx3

S91}10 00| — Wa|qoJd UDUISa|DS Bul|aADI]




N AR A AR T P T
| - »

.......
........

§$3310UlpJ00]) A}1D

173

OLL 0O0L 06 08 0L 03 0S5 Oy 0O O0c 0! 0

lwtdfq-u)q.ﬁlucnlq\quonl.!«.tq\djlﬁ‘jl‘lﬂ Yy rvyevyvTrTri ey eT rryyvrrrry

ot
0¢
¢
0)4
0S
09
0L
08
06
00t

YT TTE FUN AT RU FUUNY SHURY SUTTR /TN SUTUE FRUEE YW

0t

A At i ate ol

gl'161} = SOUDISIQ WNWIUIN

| ¢# Jusulliadx3

S91110 Q0| — Wa|qodd ubwss|pg buljaAp.]

Figure 25

it

B SE
WP AW RN A

R
R I R P |
PR R A

L]
-

A

]
' «

JLS

¢~.- -'_‘.., -...~-,-".." .--'.'q'_ e
NN RT AT TN I I

.
» " a
LA

AT,

-
Al

Ty e T T

LA

[ IS 4
ot e

LA
LN
2 At

R

ol



A

1

aaalae

/

saalaa

FEWE DY

QAN jo9
106

LA AR PR NIRRT T \NARNAR X e AT
- mBoc_Eoo 3_0
oLt 0oL 06 ©08 O©L 03 0S oy o 0O Ol 0 .w.u
Wuqcﬁ-q-J—Aana—JI-1-114]m-4nir--q d--—ﬂ-J-J-u-q-auo ....H
101 _.U.H“
\ . oz
joc >
jov i

oL

W

Figure 26
A NI O ARSI SN

108
08
1001

L
88°CZ1 | = 9oUD}SIQ WNWIUIN

P I S T T I .
P T e R i R et T
l’—i_th‘. REJUENPE LY. U P S, L JNL R N P, WAy

y# H.cmE_\_maxm
Sallld Q0| — wa|gqodd UDWS3|DS @C:®>O\_._.

. e

E




) OlL 00L 06 08 OL 09 OS OF OFf 0Z OfL O
AR S 0 g
[t
0z
o
0s
09
| . — 0L
Y/Wf\\ 08 &
Nl//_\ 06 ES
| 001 N
oLl

£L'9TE| = BOUDISIQ WINWIUI
Gff Juswiiadxy

S0 00| — Wa|qodd upwiss|png buljeAbs |

:
3
:
J
J
3
m
.
,n
4
'
n
)
)
"
n
3




3

»

3

S8}DuIp100) A}D

3

176
TR

oLt 00F O06 08 0L 09 0 O o0 0C Ol 0

T R T T O
= ST

02

og

L oy

0S

09

oL

AN 08
, 06
= 00l
0Lt

..:.

“»

DU
EIRCRT N,

.
. o

N et
AN .
A S I I

.-
e
s

A N

B e

ul\l;

e ‘.-K‘.k. '.b
FAAE. TR TR

o).
.
L)
N

Figure 28

., -, ', c.‘ .
P PO,

8¢'¢G| | = 90uD}si| WnWIUy

e e e e e,
R FEPAY IV

g# juswiiadxy

v

LNy LT
.

S8I1i0 QQ| — Wa|qodd ubwsa|pg buljaApd |




m.. R TRV = o | T aarn ~p = ] A AR
r. ] "
S $3)0UIPJ00) AHD
.v.
3 olL o00L 06 08 OL 09 0S5 Or o0 0 OL O
.wﬂ. ,gjlullj-jjlj%.-daﬁﬁ*d T TT T T T T T T v T TTT e u
: 1“
3 3
.ﬂ 4/ | ]
: ]
W w
< |
‘ |
=

S TUYTE N

:

m

[ # uswiiadxy

LR EE R PR T SR TR b DA 8T R a7, 40, g6 oty qt Rt Val o st Mh e idion £ B ca g tal e Aot o

ﬁ

000465°LE L} = @oup}siq WNWIUIN

\\\\\

Ot
0¢
o¢
Ov
0s
09
0L
08
06
00l
Oti

S31110 00| — Wa|godd ubwse|ps buileADd|

Figure 29

R AN

AT
Y By

<,
I

Y
-P-

A

N e,
LA WL VR AP

-
-

AN

o

N

c e
-
-

AW SRR

S Ata S

v

FJ
L.




.............
uuuuuu

-----

bt |

3 S9}buipio0) A}D
Oll 00OL 06 08 0L 09 0 oy O 0OZ oOL O

Ild-‘—d\iuﬂ-qﬂd—‘|qud-—j q--qj*qdﬂﬂiqd-\‘—d-I-icld—jjo

X X '\ ol
‘ 0z
0§ :
o¥
0S .
09 .
oL
08 .
06
00t
oLl

LRl AR Sl Sl fod

LA F e of 'l e o'l o i ol N od a0 &

1IWY FUWPY FETTE FUUYE PUYUYY

wala

sadassslay

FAanitavh sk gt o e vl ash il

T

Figure 30

LN

N
Q

00081L°L60| = @ouDys|g WnWIUIN

FUTEY PUYTE FUPYY FWY

Pl A" B g G

L A S S

g# juswiiadx3
Sa1}10 00| — Wa|qodd ubwsa|pbg buljsApd]

CSafl ¢ 0 0o it il

bl Sl Sl Vel Cof ol bl S sud




iiiiii

m — T T AN e 3 AL J .......u._
R Buiids;jo pajDNIDAS JO JBQINN ;

; 000ZS 00082 000YZ 0000Z 00091 000CL 0008 000 0 7
: ——r— 1 11+ 730 \.
00S &

0004 5

00S} %

0002 X

00SZ -

. 000¢€ P
. 00S€ i

000% 3

00S¥ 2

000S -

W 00SS Y
w 00s9 - \_..”

: 000L 2

: ' 00GL "
; y3buay anoj g
] yuswanoidw| AIDUOIIN|OAT R
¢ ..”...M

S91110 Q| — W9o|qoJd upwss|DS buljaAnd ]

\t'l:o'

T T AT = mae o m AR
., , \:'. :\_._'...:' -

Py - - ragpp——

o Y
- T D - M -



MR A Al Ul e i

RN Sl A s B’ At an r,mnnw:nlm

5
s
r
§
.

F‘.i"i-‘ PR NS P DA S A VSR Gk aE ot e bl Uit

Another experiment required a tour of 90 cities. Here, ten groups of
nine cities were randomly placed on the coordinate grid. The process was
allowed to evolve 32,000 offspring. While the optimum solution remained
undiscovered, it is of interest to note that the problem was evidently
addressed at two distinct levels. The evolutionary process initially solved
the problem at a gross level, discovering the minimum tour between the
groups of cities, see Figure 32. Insufficient time was allowed to sort out
the problem at a finer level of detail.

| Finally, an extremely large traveling salesman problem was analyzed.
l Here, 256 cities were randomly distributed. The previous results indicated

that the Adaptive Algorithm would not discover the optimum solution;
however, in only 10,000 iterations it reduced the initial tour length by
roughly SO®. Figure 33 indicates the surviving tour after evaluating
10,000 offspring while Figure 34 indicates the success of the evolu-
tionary process in discovering better and better tours. The available

computation time limited the analysis, however the results were certainly
encouraging.

CONCLUSION

Clearly, the Adaptive Algorithm {s an effective method for addressing
the traveling salesman problem. Several important conclusions can be
drawn from the previous experiments:

® "“Sophisticated™ mutation operations are not only unhecessary,
but are detrimental The experiments point up the necessity for
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maintaining 2 substantial link between parent and of fspring. The
more sophisticated and complex mutation operations destroy this
link. The PMX operation may perform generally superior to
Holland's crossover operation because it tends to retain more

information during each generation.

e There is a beneficial effect of using a noisy payoff function.
The concept of a noisy payoff function is similar to that suggested
by S. Kirkpatrick, C.D. Gelatt and M.P. Vecchi,!2 for optimizing
simulated annealing, but it 1s not necessary to resort to such

specific analogies. In a constantly changing environment, the
rewards and penalties for different behaviors vary. The search for
better and better solutions is never ending. Evolution is a
continuous process with no truly optimum solution.

e Further, it appears unlikely that any specific noisy payoff

function exists that will allow discovery of the optimum solution
in every traveling salesman problem. Each such problem offers a
different adaptive topography; therefore the appropriate
distribution and amount of noise cannot be determined a priori.

Although no single Adaptive Algorithm can optimally solve eyery
traveling salesman problem, a unique Adaptive Algorithm can be developed
to address each traveling salesman problem in a very efficient manner.

12 - “Optimization by Simulated Annealing.” S. Kirkpatrick, C.D. Gelatt Jr., MP. Vecchi, Science .
May 1983.
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Addendum

A completely random search (with replacement) will take roughly
twice as long to find the optimum solution as an enumerative search
(without replacement). To show this, consider the following two theorems:

Theorem 1: If there are B possible solutions and only one
optimum solution, the expected number of trials that must be
made before the optimum solution is found, using an enumerative
search, assuming one trial is made at a time, 1s equal to
(B+1)/2.

Proo’: In an enumerative search, sampling s made without replacement.
The probability, therefore, of discovering the optimum solution on any
given trial is equal to the product of the probabilities of not discovering
the optimum solution on any prior trial multiplied by the reciprical of the
number of untried solutions. The expected number of trials that would have
to be examined before finding the optimum solution would therefore be:

T xf(x) = 1-871 + 20(B-1)/81(B-1)"" + 3{(B-1)/8}(B-2)/(B-1)KB-2)"!
s =+ (B-1)1(B-1)/8}12/3}[1/2) + B(B-1)/8}-[2/3}1/2)1
= 1871+ 2B ¢ 3BT 4 ¢ (B-1)B7" ¢ BB
=B (142434 4(B-1)+B)
= 871 {B(B+1)/2]
=(B+1)/2. QE.D.




Theorem 2: If there are B possible solutions and only one
optimum solution, the expected number of trials that must be

made before the optimum solution is found, in a completely

random search, assuming one trial is made at a time, is equal to
B.

Proof in a completely random search, sampling is made with

replacement. The probability, therefore, of discovering the optimum

solution on any given trial is equal to the product of the probabilities of

not discovering the optimum solution on any previous trial multiplied by

the reciprical of the total number of possible solutions. The expected

number of trials that would have to be examined before finding the optimal

solution would therefore be:

Z xf(x) = -8 « 2{(B-1)/B}B™ + 3UB-1)/BRB ¢
= B71(1 + 2{(B-1)/B) + 3[(B-1)/BF + )
= 3-H1/7(1-(B-1)/8)P
=B QED.
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